INTRODUCTION
The adverse effects of exposure to ␣ particles have been of considerable interest since Martland's early observations of health problems in radium dial painters at the Newark City Hospital 2 in Newark, NJ (1, 2) . The mutagenic, carcinogenic and lethal effects of ␣ particles have been well documented in cells that are traversed by these high-LET particles (3) (4) (5) (6) (7) (8) (9) . The capacity of ␣ particles to induce bystander effects has been demonstrated more recently (10) (11) (12) (13) . The term bystander effect is used to describe those effects that irradiated cells impart to neighboring unirradiated cells. The observation of bystander effects caused by ␣ particles has led to a surge of interest in this phenomenon due to its potential importance in radiation protection and radiation therapy (14) (15) (16) .
While a number of research groups have made substantial progress in elucidating the mechanisms of the bystander effect, there remains much to learn. However, there are presently only a limited number of the specialized ␣-particle irradiators that are required to carry out this work. Alpha-particle irradiators have been built around two basic designs: (1) microbeam and (2) broad beam. The term microbeam has been reserved for irradiators that have the capacity to deliver single ␣ particles to specific intracellular targets (17) . The advantage of these new and technologically advanced devices is not only their ability to deliver ␣ particles one at a time, but also the accuracy with which they can deliver the particles (Ϯ3 m). The principal disadvantages of these devices are that the cell throughput is slower (ϳ10,000 cells per hour) than for broad-beam exposures and they require fluorescent dyes to be introduced into the cell prior to irradiation for targeting identification. Both of these drawbacks have the potential to have an impact on the biological end points being studied. Furthermore, access to the microbeams is limited because their high cost has restricted their numbers to only a few worldwide.
Broad-beam ␣-particle irradiators have been available for quite some time. The principal advantage of these irradiators is high throughput and essentially no disturbance of the cultured cells prior to exposure. Specifically, large cell populations (millions of cells) can be exposed rapidly to low fluences of ␣ particles so that a small fraction of the cells are hit. This facilitates observation of biological effects in a sizable population of bystander cells. Broad-beam systems are ideal for assaying end points that occur rapidly (e.g. gene expression), end points that require large numbers of cells, and highly sensitive end points that require minimization of stress caused by cell manipulations before, during and after exposure. The disadvantage of the broadbeam irradiator is that the bystander cells cannot be separated readily from the irradiated cells. However, cells can be grown and irradiated on radiation-sensitive films that enable correlation of in situ responses with cells that are hit (18) . These irradiators have been built around two basic platforms, accelerators (19, 20) and radioactive sources (21) (22) (23) (24) (25) (26) . Accelerator-based machines are expensive to maintain and relatively inaccessible. Alpha-particle irradiators that use radioactive sources are also relatively scarce, in part because of policies that discourage the use of such sources. This is unfortunate considering the heightened interest in the field. Therefore, there is a need to develop simple and inexpensive ␣-particle irradiators that are based on readily available technology. The present work describes and characterizes an ␣-particle irradiator that fulfills these requirements.
MATERIALS AND METHODS

Alpha-Particle Sources
The radionuclide 241 Am is used as the source of ␣ particles. This radionuclide was chosen because of its long physical half-life (432.2 years) and widespread availability owing to its use in smoke detection systems. The principal ␣-particle radiations emitted are 5.485, 5.443 and 5.388 MeV with corresponding yields per decay of 0.845, 0.13 and 0.016, respectively (27) . The principal photon emitted is the 59.5 keV ␥ ray with a yield of 0.359 per decay (27) . 
Alpha-Particle Irradiator
The basic design of Metting et al. (25) was adopted and further developed. The major changes are an electronic shutter system, multiple exit windows to facilitate simultaneous irradiation of replicate samples and/or different fluences, and use of inexpensive and readily available 241 Am sources as opposed to a 238 Pu source. The present design consists of several major components: the 241 Am sources (described above), source rotation system, collimator system, beam delimeter and exit window, electronic shutter system, and Mylar-bottomed cell culture dish. The 241 Am sources, source rotation system, collimator system, beam delimeter, and ␣-particle exit window are all mounted within a sealed 1.2-cm-thick Lucite chamber (Grewe Plastics, Newark, NJ). To minimize attenuation of the ␣ particles, helium is passed through a DuraDRY 814-BX filter (Parker, Haverhill, MA) and injected into the chamber (500 cm 3 /min, Cole Parmer 65-mm flowmeter, Vernon Hills, IL) overnight through two flanged NPT fittings located at the top of the rear wall of the chamber. Two flanged NPT exit ports are connected to a Gelman Model 1119 47-mm in-line filter holder (Gelman Sciences Inc., Ann Arbor, MI) loaded with a Gelman Type AE glass fiber filter. The removable filter facilitates checking for contamination arising from failure of the 241 Am source seals. A photograph of the complete system can be viewed at http:// www.umdnj.edu/radreweb/facilities/alphaparticle.htm.
Source Rotation System
The 241 Am foils are mounted with specialty tape Model FT A (Avery Dennison, Painesville, OH) onto 7.6 ϫ 7.6-cm 2 aluminum plates that are 0.32 cm thick. An aluminum cylindrical sleeve with locking screws was used to attach each plate to a Hansen Model 116-42612-2 DC gearbox motor (Hansen Corp., Princeton, IN). The motors, powered by a 12 V d.c. regulated power supply, were used to rotate the ␣-particle sources at 88 rpm to ensure maximum beam uniformity. The source rotation assembly was mounted vertically on a custom Lucite bracket. The source rotation system holds the surface of the sources 4.5 cm from the exit window.
Collimator System
To reduce the maximum angle of incidence upon the growth surface of the culture dishes, a large collimator is placed between the 
Beam Delimeter and Exit Window
The design of Metting et al. (25) was adopted for the beam delimeter and exit window. They showed that use of a tapered beam delimeter substantially improved the uniformity of the beam, particularly at the edges of the growth surface. The beam delimeter was machined from 1.2-cm-thick Lucite and tapered outward toward the source at an angle of 22Њ (Grewe Plastics). The circular opening at the top of the beam delimeter, which defines the beam, has a diameter of 4.5 cm. A 1.5-m-thick piece of Mylar was gently stretched and affixed (Avery Dennison FT A) to the top of the beam delimeter to serve as the exit window. Figure 1 shows a scale drawing of the irradiator with source rotation system, collimator system, and beam delimeter.
Exposure Shutters and Timing System
Exposure times are controlled by Copal Model DC-392 electromechanical shutters (Nidec Copal Corporation, Tokyo). These shutters have apertures 80 mm in diameter and accommodate shutter speeds of 0.125 s or longer. Shutter speeds of ϳ1 s or more are recommended to ensure uniform exposure of the Mylar-bottomed dish. The shutter operation is controlled by a Logotron LGT 12C DC control and timing relay powered by a Model EN50178 power supply with 1 A maximum output (Entrelec International, Irving, TX). Adapters that mount on top of the Copal shutters to hold the stainless steel culture dishes were manufactured by Grewe Plastics. 
Cell Culture Dishes
Cell culture dish assemblies were machined 3 from TYPE 304 stainless steel pipe (schedule 80 and 40) in the same manner as those of Metting et al. (25) . As shown in Fig. 2 in ref. (25) , the assemblies consist of a Ϫ030 Viton rubber O-ring (Greene Rubber Co., Woburn, MA) and two cylindrical stainless steel parts that interlock in such a manner as to stretch a 1.5-m-thick Mylar film into a circular 36-mm-diameter growing surface.
Alpha-Particle Energy Spectrum
The energy spectrum of the ␣-particle beam was measured using a Canberra (Meridien, CT) CAM300 passive implanted planar silicon (PIPS) detector. This detector has an active area of 300 mm 2 . The CAM300 PIPS intrinsic detection efficiency for a collimated beam of ␣ particles is 100% over the energy range used in this work. Conventional nucleonics (Canberra) and a multichannel analyzer were used to obtain energy spectra. The detector was calibrated for energy response in a vacuum using a Model S94-4 planar (27) . The standard was maintained in a vacuum at a distance of 4.5 cm from the PIPS detector. The 5.105, 5.143 and 5.156 MeV ␣ particles were not resolved, and hence a single peak was obtained with centroid at channel 3297.9 with FWHM of 86.5 channels. This corresponds to a mean energy of 5.14 MeV with FWHM of 0.13 MeV (Fig. 2) . After the calibration was complete, the spectrum emitted 3 Machining performed by Ashley Webb, Greenfield, MA.
by one of the 20 MBq 241 Am sources was also measured under vacuum using the same geometry except that the beam was collimated with a small hole to reduce the ␣-particle flux. The 241 Am ␣-particle spectrum, shown in Fig. 2 , had a centroid at 4.76 MeV with FWHM of 0.47 MeV. The spectrum matched that provided by the manufacturer. Once calibrated, the detector was positioned on the Mylar growing surface of a stainless steel culture dish and radiation spectra were acquired for each source. Figure 3A shows a representative energy spectrum for one of the sources.
LET Spectrum
To determine the LET spectrum of the ␣ particles incident on the cells growing in the Mylar-bottomed culture dishes, the LET values corresponding to the energies associated with each of the 4096 channels were calculated by interpolating the tables for liquid water in ICRU Report 49 (28) . The tables in Report 49 indicate that the LET of ␣ particles in water has a maximum of about 227 keV/m at 0.7 MeV. Thus ␣ particles corresponding to energies on either side of the peak may have the same LET. For example, both 0.2 MeV and 2.0 MeV ␣ particles have an LET of about 160 keV/m. Accordingly, the LET spectrum was obtained by creating bins 5 keV/m wide (e.g. 80-85 keV/m, 85-90 keV/m, etc.) and then summing counts into the appropriate bins.
Uniformity of the Alpha-Particle Beam
Beam uniformity was assessed with CR-39 plastic obtained from Track Analysis Systems, Ltd. (Bristol, UK). The plastic was precut by the manufacturer into circular pieces that fit into the cell culture dish adapters. Exposure times of 4 s were used that were commensurate with typical irradiation times used in bystander effect experiments. The plastic was etched according to the manufacturer's instructions. CR-39 plastic is sensitive to ␣ particles and is not sensitive to X rays and ␥ rays. Thus only the ␣ particles emitted by 241 Am were detected. The processed plastic was viewed at 150ϫ magnification with an Olympus IX70 inverted microscope (Tokyo, Japan) equipped with a green filter, digital camera, and video monitor. A hemocytometer was placed in the viewing field and tape was used to define a region on the video screen corresponding to a ⅛-mm 2 region of the hemocytometer. The pits created by the etching process were scored at 40 locations along the entire diameter of the CR-39 plastic corresponding to the diameter of the Mylar growing surface. and 0.025 mg/ml gentamicin sulfate. The cells were incubated at 37ЊC in a humidified atmosphere of 5% CO 2 in air. Cells destined for ␣-particle irradiation were suspended in growth medium and seeded at a density of 10 5 cells per dish in stainless steel Mylar-bottomed dishes. They were fed with growth medium on days 5, 7 and 9, and experiments were started 48 h after the last feeding. At that time, the culture was confluent and contained about 10 Figure 3A shows the ␣-particle energy spectrum recorded on the growth surface of the Mylar-bottomed cell culture dish for one of the 20 MBq sources. The centroid of the peak is 2.9 MeV. The corresponding LET spectrum is shown in Fig. 3B . The LET spectrum ranges from about 70 to 200 keV/m with a mean value of 132 keV/m. Similar spectra were recorded for the remaining 20 MBq sources.
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RESULTS
Energy and LET Spectra
Alpha-Particle Fluence and Uniformity of the Beam
The ␣-particle fluence was calculated by integrating the counts from 0.2 MeV to 6.0 MeV during a 200-s acquisition and dividing by the active area of the PIPS detector (300 mm 2 ). These data are shown in the first row of Table  1 . The very small number of counts corresponding to energies below 0.2 MeV was not taken into account because the photopeak corresponding to the 241 Am 60 keV ␥ ray prevented an accurate determination of them.
The uniformity of the ␣-particle beam was also assessed with CR-39 plastic. Pits were counted in 40 fields of 125,000 m 2 each across the diameter of the dish. The mean number of pits per field was 26.1 Ϯ 5.0, 26.2 Ϯ 4.7 and 27.0 Ϯ 5.2 for sources 1, 2 and 3, respectively, for a 4-s irradiation time. The indicated standard deviations of the mean (SD) are close to their expected values for a Poisson distribution, the square roots of the means. These measurements were also used to calculate the fluence. These values are shown in the second row of Table 1 . Figure 4 shows the benchmark survival curve for confluent density-inhibited AG1522 cells irradiated with ␣ particles using the irradiator described in this report. The doseresponse curve for is the mean absorbed dose (cGy) to the cell layer. A leastsquares fit of the ␥-ray data to the linear-quadratic model gave SF(␥ rays) ϭ exp(-4.3 ϫ 10 Ϫ3 D Ϫ 1.8 ϫ 10 Ϫ6 D 2 ). The corresponding doses required to achieve 37% survival (D 37 ) are 30.6 Ϯ 1.3 cGy and 2.33 Ϯ 0.49 Gy for ␣ particles and ␥ rays, respectively. The ␣-particle response is very similar to the value of 35 cGy obtained by Raju et al. (7) with the same cell line. The relative biological effectiveness (RBE) of the ␣ particles compared to 137 Cs ␥ rays is about 7.6 Ϯ 1.6 for AG1522 cells.
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DISCUSSION
Ideally, experiments with low-fluence ␣-particle beams should be carried out with monoenergetic ␣ particles that travel perpendicular to the plane of the surface upon which the cells are growing. While the trajectory of the particles is controlled with a collimator, attainment of a monoenergetic beam with a simple low-cost design is difficult due to technical constraints. The three principal ␣ particles emitted by 241 Am are, from a radiobiological standpoint, essentially monoenergetic (5.485, 5.443 and 5.388 MeV).
However, absorbing materials that are placed between the 241 Am and the target cells cause attenuation of the beam and consequent broadening of the energy spectrum. In the present irradiator, there are several layers of attenuating material between the radioactive source and the cells: gold foil layered over the 241 Am, helium gas between the foil and the exit window, the Mylar exit window, air between the Mylar window and the Mylar bottom of the culture dish, and finally the Mylar bottom of the dish. While each layer serves a necessary purpose, each layer also contributes to broadening of the energy spectrum. Figure 2 shows the broadening due to the gold foil that is layered over the 241 Am. The increased broadening of the 241 Am ␣-particle energy spectrum shown in Fig. 3A is due to the remaining layers of attenuating material. Some of the broadening could be eliminated if the helium was replaced with a vacuum and the Mylar bottom was used as both a growth surface and the exit window, thereby eliminating the air gap. This approach was used by Barendsen and Beusker (21) in one of their ␣-particle irradiator designs, although beam uniformity was not optimal in their design. In any case, the need for a very thin, large-diameter exit window imposes constraints on the use of a vacuum. For a helium-filled design, use of the Mylar growth surface as the exit window would introduce air into the chamber each time the dish is changed. This would cause fluctuations in the energy spectrum for different runs. While the present design produces a broad energy spectrum, it delivers a broad and uniform beam of ␣ particles on the cell growth surface with a highly reproducible fluence and energy spectrum. Figure 3B shows the LET distribution of the ␣ particles in the cells assuming that they are composed of water. The LET ranges from about 70 to 200 keV/m with a mean value of 132 keV/m. Thus, based on past studies on the dependence of RBE on LET (29) , one can anticipate that the RBE of the ␣ particles is likely to range from about 5 to 8 for survival of mammalian cells. This expectation is borne out by the data in Fig. 4 . For AG1522 cells, the mean RBE of the ␣ particles emitted by the present irradiator compared to 137 Cs ␥ rays is 7.6 Ϯ 1.6 at 37% survival. This is somewhat higher than the data of Raju et al. yield an RBE at 37% survival of 4.9 compared to 60 Co ␥ rays.
Using the terminology and methods of Charlton and Sephton (30) , the absorbed dose received by a single traversal through the cell nucleus and the percentage of cells traversed can be calculated. Briefly, the dose per traversal d to the thin disk-shaped cell nucleus of the AG1522 cell is given by d ϭ (0.16)(LET)/A, where A is the cross-sectional area of the cell nucleus. The units for d, LET and A are Gy, keV/m and m 2 , respectively. This formula is valid only in cases where the ranges of the ␦ rays are small compared to the nuclear diameter (maximum range of the ␦ rays produced by a 3.65 MeV ␣ particle is about 0.1 m (31). Raju et al. (7) reported a value of A ϭ 144 m 2 for AG1522 cells. With a mean LET of 132 keV/m, the calculated absorbed dose to the cell nucleus of an AG1522 cell from a single ␣-particle traversal is therefore 0.15 Gy. While this is a mean value for a single traversal, the value for any given traversal would vary depending on the particulars of the particle and cell, namely LET and crosssectional area of cell nucleus. The cellular parameters vary regardless of the beam characteristics (monoenergetic or polyenergetic); therefore, the dose for a single traversal varies from cell to cell regardless of whether a broad beam or microbeam is used to deliver the particle Table 2 gives the exposure time required to deliver various mean doses to the cell population along with the fraction of AG1522 cell nuclei that receive various numbers of traversals. The absorbed dose calculations described above use the fluences measured by the PIPS detector. It is interesting to compare these fluences (Table 1 , row 1) with those obtained with the CR-39 plastic (Table 1 , row 2). The fluences obtained with the CR-39 plastic are lower than those obtained with the PIPS detector, although they are within the experimental uncertainties of the measurements. The fluences obtained with the PIPS detector have a much higher degree of accuracy and precision than the CR-39 measurements and are therefore taken as the definitive values.
This irradiator is particularly useful for studies on the bystander response where a small fraction of the cells' nuclei in an exposed culture are actually traversed by an ␣-particle track. An understanding of the mechanisms underlying low-fluence exposure could have a direct impact on radiation risk estimates because a large component of the background exposure dose received by the general public from all sources of ionizing radiation arises from ␣ particles emitted by radon and its progeny. The U.S. National Academy of Sciences estimates that 10 to 14% of all lung cancer deaths are linked to radon gas in the environment (32) . Low-fluence studies can also have a significant implication in radiotherapy whereby irradiated cells can modulate signaling pathways in neighboring malignant or normal cells.
